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Introduction
The quality of hyporheic river water exerts an important control on aquatic ecology by influencing many in-channel ecological processes including biogeochemical processing (Boulton et al., 1998; Duff and Triska, 2000; Storey et al., 2004) . A particularly important linkage between hyporheic water quality and aquatic ecology is represented by the issue of low dissolved oxygen supply in the benthic zone (Malard and Hervant, 1999; Finn, 2007) . In this regard, a specific area that has been studied intensively is the effect of low dissolved oxygen supply on the survival of salmonid embryos incubating in river spawning beds (Chevalier et al., 1984; Peterson and Quinn, 1996; Rubin and Glimsater, 1996; Malcolm et al., 2003; Armstrong et al., 2003; Youngson et al., 2004; Greig et al., 2006; Sear et al., 2013) . Incubating salmonids spend a period of months (typically 4-6) in the hyporheic zone between oviposition and emergence or 'swim up', and transient episodes of de-oxygenation have been identified as the cause of sub-lethal or lethal outcomes which ultimately impact on recruitment to populations (Youngson et al., 2004; Malcolm et al., 2008) .
Episodes of low dissolved oxygen supply in the benthos have been attributed to various causes including groundwater upwelling (Malcolm et al., 2003) , reduced gravel permeability due to fine sediment ingress (Lisle, 1989; Zimmerman and Lapointe, 2005) which can hamper the removal of toxic metabolic products (Shumway et al., 1964) and enhanced oxygen consumption arising from the infiltration of fine particulate organic matter (Greig et al., 2006; Malcolm et al., 2008; Soulsby et al., 2009; Sear et al., 2013) . More specifically, sediment-bound organic matter influences dissolved oxygen supply to incubating progeny in the spawning substrate via two principal mechanisms: direct competition from microorganisms during organic matter decomposition, and; the growth of biofilms which hamper intragravel flow and oxygen availability and may also scavenge potentially toxic substances (House, 2003; Greig et al., 2007; Sader et al., 2011) .
Given increased recognition of the potential for sedimentbound organic matter to contribute to the degradation of salmonid spawning habitats, management strategies require a reliable evidence base on the key sources of this specific problem to ensure effective targeting of interventions (Collins et al., 2009) . Previous work has, however, predominantly focussed on understanding the key sources of minerogenic fine sediment infiltrating spawning substrates (Walling et al., 2003; Collins et al., 2010a Collins et al., , 2012a . More recently, Collins et al. (2013) reported the application of a source fingerprinting procedure specifically for the sedimentbound organic matter ingressing salmonid spawning gravels in the River Blackwater catchment, in southern England. Given the initial success of that study, it was considered useful to apply and test the sourcing procedure elsewhere and to continue refining it. On that basis, the specific objectives of this second study were:
To extend the application of a composite fingerprinting procedure combining the use of bulk stable 13 C and 15 N isotope values and NIR spectra to five new study rivers across England and Wales to test its wider applicability for distinguishing and apportioning the primary sources (farm manures/slurries, damaged road verges, instream decaying vegetation and human septic waste) of sediment-bound organic matter infiltrating salmonid spawning gravels. To use the outputs where the expanded application of the tracing procedure was successful to deliver hitherto unavailable evidence on the relative contributions of the different sources to the sediment-bound organic matter infiltrating salmonid spawning gravels.
Study catchments
The location of the study catchments is presented in Fig. 1 . Table 1 provides summary information on a number of catchment attributes including area, land cover, stocking densities, applications of organic carbon to farm land in association with manure/ slurry spreading and the estimated number of domestic properties unconnected to mains sewage and therefore assumed to have septic tanks. All study sites were known spawning grounds of Atlantic salmon (Salmo salar).
Methods

Catchment sampling to characterise potential sources of the sediment-bound organic matter infiltrating salmonid spawning gravels
Spatially representative source material samples for the sediment-bound organic matter infiltrating salmonid spawning gravels were collected during the autumn and winter of 2010. This sampling encompassed farm yard manure/slurries, damaged road verges, instream decaying vegetation and point sources in the form of septic tanks and sewage treatment works. 10 composite samples (each comprising 10 sub-samples) were collected for each source category, thereby yielding an overall total of 40 bulked samples comprising 400 sub-samples for each of the five study rivers. Farm yard manure/slurry samples included fresh excreta from yards, steadings and housings, as well as material from field heaps and dry or wet stores. Cattle, sheep, poultry and pig enterprises present in the study areas were included in the sampling campaigns. The random sub-sampling (n = 10 sub-samples per composite sample) was designed to be spatially representative of each yard, steading, field heap, store or housing in question. Representative samples of damaged road verges were retrieved from 100 m sections of road margins exhibiting erosion and selected randomly to be representative of the entire road network in each study catchment. These samples combined the mulch and leaf litter observed in damaged road margins degraded by vehicle or livestock traffic. Samples of instream decaying vegetation were collected along the channel system from specific 100 m reaches selected randomly along the channel network of the study rivers. These source samples included leaf and stem litter (e.g. from decaying riparian vegetation and macrophytes) trapped by coarse woody debris and additional obstacles such as the pillars of bridges. 10 replicate sub-samples were collected from the settling chambers or drainage field biomat of individual septic tank installations and bulked into a single composite. All source material samples were placed in cool boxes with ice packs immediately following collection in the field and remained in such storage during transportation to the laboratory (typically on the same day) for the analysis of potential fingerprint properties.
Sampling the sediment-bound organic matter infiltrating artificial salmonid redds using retrievable basket traps
Disturbance of natural redds is prohibited in the UK given the conservation status of Atlantic salmon. As a result, scientific studies have tended to use artificially-constructed redds (e.g. Acornley and Sear,1999; Walling et al., 2003; Greig et al., 2007; Collins et al., 2010a Collins et al., , 2012a . Representative samples of interstitial sediment were collected from spawning gravels at the outlets of the five study catchments (Fig. 1 ) using mesh retrievable basket traps (n = 12 per river; cf. Walling et al., 2003; Collins et al., 2010a Collins et al., , 2013 diameter = 12 cm, depth = 20 cm) . Redd depressions or 'pots' were created in riffles used for spawning with a spade and pick axe. Extracted gravel was moved downstream during the cutting of the artificial redds, thereby creating the characteristic tail spills. After the insertion of the mesh traps, the river bed immediately upstream of each artificial redd was cut to create the cleaned gravel hump and upstream shallow depression characteristic of natural redds. Timeintegrating basket traps were inserted in the artificial redds in early December 2010 after being filled with clean local framework gravel (>$6 mm; cf. Crisp and Carling, 1989) . These traps sampled particulate material infiltration to the typical depth ($15-20 cm) used by Atlantic salmon in burying their eggs for incubation. Each basket trap comprised an outer bag (UK supermarket green bag) which was retracted around the base prior to emplacement, but raised again during extraction from the river substrate to prevent the winnowing of interstitial material collected during the sampling period. The basket traps were located at the end of their deployment using coloured strings attached to their upper rims. Three random baskets were extracted from the outlet sampling location on each study river on each of four occasions; February, March, April and May 2011. These extractions were aligned with the key embryonic and early life stages of salmonids, namely eyeing, hatch, emergence and late spawning, respectively (cf. Collins et al., 2013) . Following exhumation, the framework and interstitial material in the basket traps were separated in situ on the river bank using a 500 mm sieve. The <500 mm interstitial fines were immediately placed in a cool box and subsequently transported to the laboratory. NIR spectroscopy provides a rapid, non-destructive simultaneous analytical procedure for multiple analytes, requiring minimal sample preparation (cf. Blanco and Villarroya, 2002; Pellicer and Bravo, 2011; Wessels et al., 2011) . A Thermo Scientific Antaris 1 analyser which provided a spectral range of 4000-10,000 cm
À1
, and 32 scans per sample with a typical resolution of 8 cm
, was used to measure NIR spectra on the <63 mm dried samples. All source and sediment samples were run in triplicate with the average of these repeat runs used in subsequent statistical analysis and numerical modelling. No reagents were used in conjunction with the NIR analyses. The NIR diffuse reflectance spectra provided information on the overall biochemical composition of the solid samples (cf. Foley et al., 1998; Richardson et al., 2003) . NIR spectra comprise overtones and absorption bands (Esteve Agelet and Hurburgh, 2010) . Overtones represent electron excitations to higher energy levels and the spectra comprise three main overtones with the absorption bands decreasing with overtone level (i.e. from 1 to 3).
Processing the fingerprint property data
The processing of the fingerprint property data provided by the laboratory analyses relied on the fundamental components of the statistical and modelling framework reported recently by Collins et al. (2010b Collins et al. ( , 2012b Collins et al. ( , 2013 A visual comparison of the measured median NIR spectra measured for the organic matter sources and interstitial sediment samples from each study catchment is presented in Fig. 2 . These plots demonstrated that the absorbance values for organic structures identified using NIR spectroscopy on the interstitial sediment samples collected from the River Aran and Test catchments were outside the corresponding range measured for the four sources. On this basis, these data could not be used to assess the sources of sediment-bound organic matter using a mass balance modelling approach. In the case of the remaining three study catchments, only parts of the NIR spectra passed the mass conservation test (Fig. 2) . Only those parts of the NIR spectra measured for the River Ithon, Lugg and Rede catchments passing the range test were appropriate for inclusion in the statistical analysis and numerical mass balance modelling for source ascription.
3.4.2. Discrimination of the sources of sediment-bound organic matter infiltrating artificial salmonid redds using statistically-verified composite signatures
The discrimination of the source end members for the sediment-associated organic matter ingressing the artificial salmonid redds was based on the procedure reported in Collins et al. (2013) . This procedure combines application of the KruskalWallis H-test (KW-H), principal component analysis (PCA) and GAdriven discriminant function analysis (GA-DFA). Table 3 presents the results of the KW-H tests. Properties passing the KW-H tests were used in the GA-DFA to identify optimum signatures and the discriminatory power of these composite fingerprints ranged from 95% for the River Lugg study catchment to 98% for the River Ithon and Rede study areas (Table 4 ). All three optimum signatures identified using those properties passing the KW-H tests included a combination of bulk d Tables 5 and 6 . Loadings associated with two principal components explained 99.8% of the variance in source end member samples collected from the River Lugg study catchment compared with 100% of those collected from the remaining two study areas (Table 5 ). The optimum PCA composite signatures (Table 6) 15 N values and components of the NIR spectra. Three Table 2 Comparison of the carbon and nitrogen stable isotope values measured for the source and interstitial samples (showing the raw measured (max, min, median) values and corrections to the median measured values using Q n and a within-source variation weighting used in the mass balance modelling; values in bold represent the highest and lowest source values plus or minus Q n and corrected for the within-source variation weighting delineating the source mixing polygon, and the highest and lowest interstitial sediment values from the same study catchment for the purpose of assessing mass conservation). optimum signatures were identified for each study catchment using GA-DFA (Table 7) and these classified between 95 and 100% of the source samples into the correct source groups. Only in the case of the River Ithon study area did the GA-DFA optimum signatures not contain bulk isotope values (Table 7) . The statistical analysis of the tracer data demonstrated clearly that a combination of bulk stable isotope analysis and NIR spectra provides a powerful means of discriminating catchment source end members for sediment-associated organic matter. A number of studies have investigated the application of bulk d 13 C and d
15 N values as natural tracers for discriminating particulate matter originating from various sources in river catchments (e.g. Papanicolaou et al., 2003; Dazell et al., 2005; Guo and Macdonald, 2006; Fox and Papanicolaou, 2008; Fox, 2009; Jacinthe et al., 2009; Fox et al., 2010; Mukundan et al., 2010 Mukundan et al., , 2012 Jankowski et al., 2012) . The isotopic ranges in Table 2 for the farm yard manure/ slurry samples reflected those typically reported for grass ( in the farm yard manure and slurries collected from the Aran, Lugg and Test catchments suggest input from livestock fed a maize diet, which may be the source of the 13 C-enriched values in the interstitial sediments sampled from the artificial redds of the Rede and Test (although local direct inputs from soils under maize cultivation cannot be ruled out). Although overlap between the bulk isotopic values measured for different sources is common (Michener and Lajtha, 2007; Xiao and Liu, 2010) , isotopic datasets frequently distinguish various sources, especially when combined Table 3 The results of the KW-H test for discriminating the sources of the interstitial sediment-bound organic matter using individual fingerprint properties.
Property
Overtone with alternative fingerprint properties as composite signatures (e.g. Collins et al., 2013) . A number of studies have previously used NIR spectroscopy to assess the physical and chemical properties of catchment source materials by linking the spectra with regression models for predicting mineralogical and organic matter (e.g. Hillier, 2001; Poulenard et al., 2009 Poulenard et al., , 2012 or geochemical constituents (Elliott et al., 2007; Martínez-Carreras et al., 2010) . In this study, however, the absorbance values of the peaks in the NIR spectra were used to provide fingerprints thereby avoiding the need to develop predictive regression models for specific constituents of particulate matter (cf. Collins et al., 2013) .
3.4.3. Apportioning the sources of the sediment-bound organic matter infiltrating artificial salmonid redds using numerical mass balance modelling The relative contributions of the four sources to the interstitial sediment-bound organic matter were estimated using the mass balance mixing model reported by Collins et al. (2013) . The objective function used by this numerical model optimises a set of linear equations for each composite signature by minimising the sum of squares of the weighted relative errors, viz.:
where: C i = deviate median concentration of fingerprint property (i) in the interstitial sediment samples collected during each period of deploying retrievable basket traps; P s = the optimised percentage contribution from source category (s); S si = deviate median concentration of fingerprint property (i) in source category (s); SV si = weighting representing the within-source variation of fingerprint property (i) in source category (s) ; W i = tracer discriminatory weighting; n = number of fingerprint properties comprising the optimum composite fingerprint; m = number of interstitial sediment-bound organic matter source categories.
The mass balance mixing model boundary constraints for the relative contributions from each of the potential sources were set to 0> <1. Within-source variation weightings were calculated using the inverse of the coefficient of variation measured for each fingerprint property in any composite signature. Where necessary, these weightings can be scaled between 0 and 1 by dividing by the maximum source weight for each property in the composite Table 5 Ranked fingerprint property loadings generated using PCA.
Overtone fingerprint. Discriminatory power weightings were based on the relative discriminatory efficiency of each individual fingerprint property comprising any specific composite signature identified using the statistical tests (see Tables 4, 6 and 7) . On this basis, the discriminatory power of the property providing the lowest discrimination (%) of the sediment-bound organic matter source samples was assigned a value of 1.0 and the corresponding preliminary weightings for the remainder of the properties were calculated using the ratio of their discriminatory efficiency to that of the weakest property in any specific composite signature. For data sets where the range of discriminatory weightings for any specific signature is significant, it is advisable that these preliminary values are divided by the maximum for the composite fingerprint to ensure that the final weightings all scale between 0 and 1. Fingerprint property distributions were generated using the median as a robust estimator of location and the scaler Q n (Collins et al., 2012b) to provide input values to the mass balance mixing model. Distributions were generated for both the source and interstitial sediment samples collected from each study catchment. A Monte Carlo routine based on latin hypercube sampling, as opposed to random sampling, was used to generate repeat mixing model iterations (5000 for each composite fingerprint). The repeat iterations generated feasible predicted median relative contributions from each catchment source which were used to construct output distributions or probability density functions (pdfs). Calculation of 95% confidence limits about the average median inputs, using 10 sets of 5000 repeat iterations for each period of deploying the retrievable basket samplers, provided a basis for assessing the convergence of the average model solutions. The full uncertainty ranges in the predicted median relative contributions from each source were recorded, as opposed to the confidence intervals which can be derived from the 2.5 and 97.5 percentiles of each pdf. Relative frequency-weighted average median source proportions were calculated using the output pdfs (cf. Collins et al., 2012b) . Relative frequency-weighted average median source proportions generated using the five signatures for each basket extraction campaign were accepted on the basis of the goodnessof-fit (GOF) threshold of 0.85 (cf. Walling and Collins, 2000) . Calculation of the GOF was based on the relative error between measured median fingerprint property values for the fine-grained interstitial samples collected from the artificial salmonid redds and those predicted using the feasible median source proportions in combination with the corresponding measured source property values. Only the predicted source proportions provided by composite signatures yielding a GOF ! 0.85 were accepted. The GOF estimates were multiplied by the corresponding discriminatory efficiencies of these signatures in an additional weighting procedure to estimate the final relative frequency-weighted average median source contributions. This procedure ensured that the final source estimates take explicit account of the prediction of the measured median property values in the interstitial sediment samples, plus the discriminatory power provided by the corresponding signature. Use of the latter information provides a direct link between statistical discrimination of the sources and the subsequent allocation of source proportions using the mass balance model. This final weighting procedure is more meaningful than simply selecting predicted source proportions generated using different signatures on the basis of a GOF threshold and averaging them (cf. Collins et al., 2013), since the discriminatory power of optimum composite signatures yielding the same GOF can frequently differ. Both local and global (genetic algorithm; GA) optimisation were used during the Monte Carlo analysis (Collins et al., 2010b (Collins et al., , 2012b . GA-driven optimisation was initiated with the output from the local (non-GA) search tool as the starting point. The outputs from the local and global solution modelling were compared using the minimisation of the objective function and the corresponding GOF (cf. Collins et al., 2010b) .
Results and discussion
GA optimisation did not generate improved GOF with the tracer values measured for the interstitial sediment samples recovered from the artificial redds. On this basis, the outputs of the local optimisation version of the mixing model were selected and the corresponding GOF estimates for each composite signature for each basket extraction are presented in Table 8 . These values are well above the threshold of 0.85 which has been widely used in source fingerprinting studies. Comparison of local and GA optimisation is an essential part of source tracing studies using mass balance mixing models (cf. Collins et al., 2010c Collins et al., , 2013 . Analysis of the convergence of the average median source proportions using 10 repeat sets of Monte Carlo analysis for each basket extraction in each of the River Ithon, Lugg and Rede catchments yielded 95% confidence limits well within the range AE1%. Example output pdfs showing the full uncertainty ranges in the mixing model predictions for the River Lugg channel sampling site are presented in Figs. 3-6 .
The final estimates for median farm yard manure/slurry contributions to the interstitial sediment-associated organic matter collected from the River Ithon sampling site ranged between 36% (full uncertainty range 0-100%) at the hatching stage to 48% (full uncertainty range 0-100%) at late spawning (Table 9) . Tables 10 and 11 , respectively, show broadly similar patterns for the Rivers Lugg and Rede, with the corresponding Table 9 Summary of the predicted median source proportions (%) for the River Ithon study catchment (single values represent relative frequency-weighted average medians; ranges represent the full uncertainty in the median contributions predicted by the Monte Carlo repeat runs of the mass balance model). a Estimated using a weighting combining the GOF and % discriminatory power for each signature. b The overall average of the weighted average estimates for each basket extraction.
contributions ranging between 18% (full uncertainty range 0-51%) and 24% (full uncertainty range 0-72%) at hatch and 53% (full uncertainty range 0-96%) and 42% (full uncertainty range 0-99%) at late spawning stage. During the interstitial sediment sampling programme in each study area, the final weighted median relative contributions from farm manures/slurries were lowest at the River Rede site (26%; full uncertainty range 0-77%) and highest at the River Ithon study site (44%; full uncertainty range 0-100%). Table 1 shows that the organic carbon loading spread to agricultural land from farm manures (140 t km À2 yr
À1
) in the River Rede catchment is considerably lower than the corresponding estimates for the River Ithon (565 t km À2 yr
) and Lugg (637 t km À2 yr À1 ) study areas, reflecting the differences in the stocking densities of cattle, sheep, pigs and poultry. The averaged median contribution from farm yard manures/slurries across the sampling sites on the Rivers Ithon, Lugg and Rede was 33% (full uncertainty range 0-86%). Most farm manures/slurries have a high biochemical oxygen demand (BOD) of 10,000-30,000 mg L À1 (MAFF, 1998) and can therefore contribute strongly to the degradation of dissolved oxygen supply in the fish egg incubation zone. Salmonid embryos can tolerate low dissolved oxygen supply for short periods especially at the start of the incubation period on account of their low respiratory rates (Hamor and Garside, 1976; Malcolm et al., 2008) , but the source fingerprinting estimates in Tables 9-11 revealed significant contributions from this potentially damaging source at all of the embryonic stages of fish development and especially at late spawning in May, 2011. For example, at the River Lugg sampling site, the final estimated median contribution from farm manures/ slurries at late spawning was 53% (full uncertainty range 0-96%) compared with 26% (full uncertainty range 0-99%) at the eyeing Table 10 Summary of the predicted median source proportions (%) for the River Lugg study catchment (single values represent relative frequency-weighted average medians; ranges represent the full uncertainty in the median contributions predicted by the Monte Carlo repeat runs of the mass balance model). a Estimated using a weighting combining the GOF and % discriminatory power for each signature. b The overall average of the weighted average estimates for each basket extraction.
Basket extraction
stage (Table 10) . Similarly, at the River Rede sampling site, the final estimated median contribution from farm manures/slurries at late spawning was 42% (full uncertainty range 0-99%) compared with 21% (full uncertainty range 0-75%) at the eyeing stage (Table 11) . Median relative contributions from damaged road verges at the River Ithon sampling site (Table 9) were highest at eyeing and hatch stage (both 12%; full uncertainty ranges 0-75% and 0-80%, respectively). In contrast, damaged road verge contributions were highest at emergence stage at the sampling sites on both the River Lugg (18%; full uncertainty range 0-81%; Table 10 ) and River Rede (20%; full uncertainty range 0-100%; Table 11 ). The final weighted median relative contributions from damaged road verges over the duration of the interstitial sediment sampling ranged between 11% (full uncertainty range 0-75%) at the sampling site on the River Ithon and 16% (full uncertainty range 0-99%) at the sampling site on the River Rede study area (see Tables 9 and 11 , respectively). This source end member contributed an overall average median of 14% (full uncertainty range 0-78%) of the interstitial sedimentassociated organic matter sampled in the Rivers Ithon, Lugg and Rede. Collins et al. (2013) reported a corresponding input of 39% (full uncertainty range 0-77%) working in the River Blackwater catchment, in southern England. Particulate material mobilised in association with the erosion and degradation of road verges by vehicle traffic and livestock movements frequently has a high likelihood of reaching river channels on account of the connectivity provided by road culverts or drains and river crossings.
Instream decaying vegetation was the most important source of interstitial sediment-associated organic matter at the River Lugg (52%; full uncertainty range 0-100%) and River Rede (48%; full a Estimated using a weighting combining the GOF and % discriminatory power for each signature. b The overall average of the weighted average estimates for each basket extraction.
uncertainty range 0-78%) sampling sites and the second most important after farm manures/slurries at the River Ithon (41%; full uncertainty range 0-100%) sampling site. The overall average median contribution from this catchment source to the interstitial sediment-associated organic matter across the three channel sampling sites was 47% (full uncertainty range 0-100%). Increased shear stress in conjunction with higher flows can mobilise inchannel decaying vegetation and evidence has demonstrated that some of this material can infiltrate spawning gravels thereby contributing to oxygen consumption via subsequent decomposition (Whitmore and Clark, 1982; Soulsby et al., 2001 Soulsby et al., , 2009 . Since much of the instream decaying vegetation will originate from riparian trees and bushes as well emergent and submergent macrophytes, the importance of this source type underscores the linkages between well-connected riparian areas and aquatic ecology in the context of the supply of leaf litter (cf. Meador and Goldstein, 2003; Feld, 2013) . Human septic waste consistently contributed the smallest proportion (6%; full uncertainty range 0-31%) of the interstitial sediment-associated organic matter sampled from the study sites. The final weighted median contributions were highest (10%; full uncertainty range 0-44%) at the River Rede sampling site (Table 11) , despite this study catchment having the lowest estimated density (0.2 properties/km 2 ) of unconnected domestic properties ( Table 1 ). The highest median contribution from human septic waste during the sampling period was 18% (full uncertainty range 0-62%) at the late spawning stage on the River Rede in May 2011 (Table 11) . Septic tank discharges pose a risk to water quality in many rural areas in the UK (May et al., 2011) and reasons for failure include irregular cleaning out, poor maintenance and the fact that many tanks are inefficient since they have been in situ for >25 years (cf. Day, 2004; Beal et al., 2005; May et al., 2011) . In addition, hydraulic failure can result from the soil surface in septic tank drainage fields being clogged by biomats (Ahmed et al., 2005) . Algal biofilms embedded within secretions of extra-cellular polymeric substances (EPS) can inhabit the benthic environment of rivers (Sierra and Gomez, 2007) . Biofilm development can be enhanced in situations where high loadings of organic material are present in the interstitial environment, although nutrient supply, light and temperature are also important controls on algae blooms. Algae were not included as a potential source of sedimentassociated organic matter in this study since the sampling strategy coincided with the winter and spring rainfall periods during which algae were observed to be scarce in the study systems (cf. McConnachie and Petticrew, 2006) and during which any signal from algae could be assumed to be overrun by the more significant inputs of organic material from decaying instream vegetation and other sources. Lower river water temperatures during the winter season contribute to the reduced presence of algae in the study rivers at the time of sampling. If the sampling strategy had coincided with, or included the summer season, when algae signals could be expected to be more important in a year with typical weather patterns, due to reduced inputs from allochthonous sources which are more rainfall and runoff dependent, or from instream vegetation on account of growth rather than die back, it would have been more appropriate to have included algae as a potential source of sediment-associated organic matter. Furthermore, in the context of catchment management, it is meaningful to remember that significant algae blooms are, in part, the product of inputs of organic material from other sources such as those sampled in this study and indeed excessive nutrient supply (e.g. Jarvie et al., 2005) . Effective catchment management strategies need to focus on the key primary sources of pollution to deliver sustainable solutions and as such, the control of algae blooms is dependent upon controls targeting other sources.
Whilst it has proved possible to differentiate algae from other sources using carbon and nitrogen stable isotope data (e.g. McConnachie and Petticrew, 2006) , it is important to satisfy dimensionality by ensuring that the number of properties comprising composite signatures exceeds the number of end members. The sourcing procedure based on stable isotope and NIR data described in this contribution needs to be tested with regards its utility for distinguishing algae from the other catchment sources of sediment-associated organic matter. Readers are reminded that the source proportions reflect the contributions from the end members included in the sampling strategy and that inclusion of additional sources will inevitably influence the ascription provided by the mixing model.
The mass conservation test in Table 2 clearly illustrates the importance of testing for significant tracer transformation which is an essential requirement when using the fingerprinting approach. In the case of the bulk stable isotope data, non-conservative behaviour is possible on account of fractionation during carbon and nitrogen transformations in the aquatic environment. Bulk stable 13 C values did not pass the range test for any of the sampling sites except the one on the River Lugg (Table 2 ). Decomposition can alter the bulk d
13
C values of organic matter (Benner et al., 1987) and mineralisation is generally believed to generate some carbon isotopic fractionation (Fogel and Cifuentes, 1993) . Biogenic methanogenesis might also be a factor at play and this is characterised by depleted d
C values (Conrad, 2005) . Considerable spatio-temporal variation in d
C values has been reported in conjunction with instream production (Finlay et al., 1999) . In contrast, the bulk nitrogen isotope values passed the mass conservation test for all of the sampling sites (Table 2) . It is, nevertheless, important to recognise that nitrogen isotopic fractionation can be induced by a number of processes including nitrification, denitrification, nitrogen fixation and assimilation (Montoya and McCarthy, 1995; Lehmann et al., 2002; Hantush, 2007; Herman et al., 2008) . On this basis, the tendency for transformations of bulk isotope fingerprints during fluvial transport warrants further work (Kendall et al., 2001; Fox et al., 2010) . Although the mass conservation tests for this study clearly show that the bulk isotopic properties are not suitable for source fingerprinting at some sites, it must be acknowledged that it is possible that they might work at different sampling sites within the same study rivers. The NIR spectra in Fig. 2 revealed either complete (sampling sites on the Rivers Aran and Test) or partial (sampling sites on the Rivers Ithon, Lugg and Rede) nonconservatism on the basis of a comparison between the source end member and interstitial sediment samples. Previous work by Poulenard et al. (2009 Poulenard et al. ( , 2012 using specific peaks within, as opposed to entire, NIR spectra, has reported conservative behaviour in the fluvial environment on the basis of in-river experimental work.
Further work is required to provide guidance on the selection of channel sampling sites for the successful application of source tracing using bulk stable isotope analyses of carbon and nitrogen and NIR spectra with and without further correction factors for both selectivity and transformation and to assess the sensitivity of predicted source proportions to such alteration, even in the context of a dataset which passes the mass conservation test. Because the mass balance model reported by Collins et al. (2013) and used by this study includes functionality for the selection from pdfs of a range of deviate median tracer values for the interstitial sediment samples, as opposed to a single value (e.g. the value for an individual sample or the median of several samples), some of the potential impact of tracer transformation will be taken into account. The range test is, nevertheless, an oversimplistic or black box approach on the basis of a direct comparison between source end member samples and in-river sediment, without any intervening sampling and consideration of the evolution of the fingerprints in conjunction with the delivery of particulate matter through different components of the catchment system each with their various environmental controls (Koiter et al., 2013) . In the case of bulk stable isotope values, simple corrections for tracer transformation could be based on the ratio of the isotopic values of the interstitial sediment to those of each source end member. Simple correction factors for selectivity could also be devised in the same manner but using the TOC and TN data provided as part of isotopic assessments, although Collins et al. (2013) reported that this approach resulted in over-correction problems. Such simplistic and aggregated correction factors would not, however, provide a means of resolving detail in terms of the key controls on tracer values measured in the fluvial environment. A well designed study is required to assess correlations between conservative and non-conservative tracer behaviour and the environmental controls persisting at different sites within river catchments. In the absence of such detail and to provide direct comparison with the previous investigation of Collins et al. (2013) ; this study applied the bulk stable carbon and nitrogen isotope values and NIR spectra without any simplistic corrections for selectivity or transformation.
Conclusions
This paper has reported the application of a composite fingerprinting procedure for fluvial sediment-associated organic matter recovered from artificial redds constructed in salmonid spawning gravels. Mass conservation tests demonstrated that the procedure, without corrections for tracer selectivity or transformation, is not guaranteed to work at all river channel sampling sites. The final estimated source proportions were based on a weighting combining the GOF and discriminatory power of different composite signatures. Bearing in mind the scale dependency of the source proportions given that the artificial redds were inserted at a single sampling site on each study river as opposed to multiple sites (cf. Collins et al., 2012a) , the final estimated median relative contributions from the source end members were in the order: instream decaying vegetation > farm manures/slurries > damaged road verges > human septic waste. The full uncertainty ranges for the predicted median source proportions represent feasible solutions and in this study these ranges are appreciable. Against this background, the calculation of relative frequency-weighted average median source proportions (e.g. Collins et al., 2012b Collins et al., , 2013 based on the uncertainty outputs generated by the mass balance modelling delivers more readily interpretable information for catchment management. Critically, these estimates take explicit account of all of the feasible model solutions but summarise these as single values weighted towards central tendency which are easier for stakeholders to interpret. In the absence of such weighted estimates, interpretation of the full uncertainty ranges where these are substantial and heavily overlapping would be more challenging in terms of devising targeted catchment management strategies. Since the full uncertainty ranges in predicted source proportions are based, in part, on the corresponding variation in source fingerprints, the latter should be considered carefully in the selection of tracer properties, in addition to mass conservation alone. Given the high BOD of farm manures/slurries, these findings illustrate the importance of controlling better their loss to watercourses. The results also suggest, in accordance with the findings for the River Blackwater, in southern England, previously reported by Collins et al. (2013) ; that human septic waste does contribute to organic matter loadings in the salmonid spawning environment in the study areas used for this subsequent investigation.
